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We demonstrate the application of two-photon absorption transient current technique to wide bandgap semi-
conductors. We utilize it to probe charge transport properties of single-crystal Chemical Vapor Deposition
(scCVD) diamond. The charge carriers, inside the scCVD diamond sample, are excited by a femtosecond laser
through simultaneous absorption of two photons. Due to the nature of two-photon absorption, the generation
of charge carriers is confined in space (3-D) around the focal point of the laser. Such localized charge injection
allows to probe the charge transport properties of the semiconductor bulk with a fine-grained 3-D resolution.
Exploiting spatial confinement of the generated charge, the electrical field of the diamond bulk was mapped
at different depths and compared to an X-ray diffraction topograph of the sample. Measurements utilizing
this method provide a unique way of exploring spatial variations of charge transport properties in transparent
wide-bandgap semiconductors.
The development of electronic devices based on wide-
bandgap semiconductors, as for example, for power
electronics1 or charged particle detectors2, requires a de-
tailed knowledge of the charge carrier transport proper-
ties in those materials. In this letter we present an exten-
sion of the known transient current technique (TCT) to
obtain such knowledge in wide bandgap materials. It is
based on generating charge carriers in the bulk of a wide-
bandgap semiconductor through two-photon absorption
(TPA) of a femtosecond laser pulse. The transient cur-
rent pulse formed by the movement of the carriers in the
electric field of the bulk is then observed and analyzed.
The laser beam enters through the edge of the sam-
ple, thus giving the name to the method: edge-TCT.
The ability to generate, within femtoseconds, spatially
confined charge carriers in any point within the spec-
imen accessible by a laser beam, allows to disentangle
the influence of local variations in the electric field from
trapping of free charge carriers. This gives TPA edge-
TCT a significant advantage over the traditional TCT
methods, where the carrier are either confined in space at
the surface (top-TCT) or distributed along the beam line
(edge-TCT). Among the traditional methods are above-
bandgap laser excitation3 or the use of alpha particles.
Both types of signal generation do not allow for a 3-
dimensional scanning of the bulk. In addition, the ab-
sence of independent knowledge of the carrier generation
time in the case of alpha particles further complicates the
analysis.
The edge-TCT method was first developed for silicon
devices for charged particle tracking4. It uses a laser
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beam with sub-bandgap wavelength that excites the car-
riers through the device edge along a narrow (∼10µm)
path. The current pulse evolution is subsequently ob-
served on one of the narrow strip electrodes perpendicu-
lar to the laser path. Recently the TPA edge-TCT has
also been demonstrated in silicon devices5–7. While in
silicon devices the TPA edge-TCT requires a more com-
plex laser setup in comparison to the traditional sub-
bandgap edge-TCT, in wide-bandgap semiconductors the
TPA edge-TCT is the only feasible method. This is be-
cause the generation and fine tuning of a deep ultra-
violet (DUV) laser beam with a wavelength slightly be-
low the bandgap energy, for example in diamond samples,
presents significant difficulties. It requires relatively com-
plex laser sources such as DUV dye lasers or multistage
frequency doubling with an optical parametric ampli-
fier, which further increases the cost and complicates the
setup. In addition, charge in sub-bandgap wavelength
experiments is generated all along the light path and not
spatially confined around the focal point as in TPA edge-
TCT.
Figure 1 shows a simplified overview of our setup. The
Ti:Sapphire laser system (Spectra-Physics Femtopower
Pro V CEP) of the ETH Ultrafast Laser Physics group8,9
provides 25-fs laser pulses with 800-nm wavelength and
pulse energies of up to 2.2mJ at a repetition rate of
1 kHz. Only a sub-percent reflection of the initial beam is
sent to the setup in which the second harmonic (400 nm)
was generated by a 100-µm thick barium borate (BBO)
crystal. The beam is then sent through a filter to re-
move residual IR components from the 400-nm wave-
length light. Focusing the beam with a f=30mm achro-
matic doublet along the z-axis into the diamond results in
a focal point with full width at half maximum (FWHM)
of 1.6µm and Rayleigh length of 28µm as measured with
2the "knife edge" technique in air. Typical pulse energies
for the experiment ranged from 0.1-0.2 nJ with pulse in-
tensity stable to below 1%. Due to the high refractive
index of diamond, refraction and dispersive pulse broad-
ening should be taken into account. Refraction causes
the focal point to elongate and shifts its position forward
in the direction of the beam when entering the diamond.
While the diameter remains approximately the same, the
Rayleigh length increases by roughly the refractive index
of diamond. The z-position of the focal point inside di-
amond is affected in a similar way. Therefore, in order
to determine the actual z-position inside the diamond,
the z-displacement of the xyz-stage was corrected by the
index of refraction and referenced to the sample edge
through which the laser pulse enters. Dispersive pulse
broadening causes an increase of pulse length from 25 fs
to roughly 100 fs after passing through the optical ele-
ments and ∼2mm of diamond. Based on observed laser
power dependence of the signal, we conclude that two-
photon absorption (TPA) is the prevalent mechanism of
charge generation in diamond, which agrees with pub-
lished absorption constants10.
The diamond under test was purchased from
Element611. It was a 4660×4790×540µm3 scCVD di-
amond with the large surfaces oriented perpendicular
to [001] crystallographic orientation. A 4100×4100µm2
Ti:W square pad was sputtered to both larger surfaces
through shadow mask sputtering after which the sample
was annealed at 400 ◦C for 5 minutes in N2 atmosphere.
In order to reduce dispersion at the edges, two of the
diamond smaller sides were polished. Since the injected
charge is spatially confined there was no need for a seg-
mented metallization as required in sub-bandgap excita-
tion setups; therefore a simple pad layout was chosen.
The diamond lower pad was glued onto a small PCB and
its upper pad was wire-bonded to the input of the am-
plifier. A CIVIDEC12 C2-HV (2GHz, 40 dB) broadband
amplifier/bias-T combination amplified the signals com-
ing from the diamond while providing the bias voltage to
the diamond. No active cooling or heating was used. All
measurements were performed at room temperature.
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FIG. 1. Schematic view of experimental setup
The measurements were fully automated. A computer
controlled the 3-axis movement of the sample while con-
stantly logging the leakage current and acquiring wave-
forms from the laser-triggered oscilloscope. The xyz-
stage consisted of 3 linear Newport stages with sub-
micron resolution driven by a Newport ESP301 motion
controller. The 2GHz bandwidth, 10GS/s sampling rate
Tektronix MSO5204B oscilloscope allowed to digitize and
record, synchronous to the laser repetition rate, a series
of 20 to 100 waveforms with 8-bit pulse height resolution
and a length of 200 ns.
The first step in the analysis was the averaging and
baseline correction of the waveforms. The latter was done
by taking the average of a large number of waveforms
acquired in air outside the diamond and subtracting the
result from the average waveform at every scan point.
This method allowed us not only to find the baseline
of the waveforms but also to remove noise from the laser
Pockels cells as well as recurring pickup of the amplifying
circuit. Figure 2 shows a collection of waveforms taken
at -1400 V bias voltage on the top electrode at different
distances from the bottom electrode (y-positions). The
rising edges of the signals indicates the initial drift of
charge carriers just after the laser pulse. Thereafter, the
initial peak of the signals at y-positions (350-500µm) is
a result of both electron and hole drift. The tail reaching
up to ∼5.5 ns is caused by the electron cloud drifting
to the ground electrode. For y=300µm the drift times
of electrons and holes to the respective electrodes are
roughly the same and no tail is seen.
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FIG. 2. Averaged and baseline corrected waveforms taken at
5 different positions with varying y-coordinates and constant
x=2500µm and z=1000µm coordinates (see figure 3 for refer-
ence). The signals shown are the average of 100 acquisitions
with a baseline correction calculated from 1200 waveforms
recorded outside the diamond region.
The collected charge for a scan point at position (x,y,z)
can be calculated as
Q =
∫ tb
ta
I(x, y, z, t)dt (1)
where ta and tb denote the integration times. The inte-
gration window was always chosen to integrate the full
3range of the waveforms (0-200 ns) in order not to neglect
the charges with a smaller drift speed than expected.
Performing this procedure for every point with step sizes
of ∆x=50µm and ∆y=25µm and roughly 4400 measure-
ment points yields a 3-D (x,y at a given z) charge collec-
tion map shown in figure 3.
Ground
Bias Voltage
FIG. 3. xy-scan of the diamond at z=1000 µm showing col-
lected charge at a bias voltage of -500V. The thin white lines
show the silhouette of the diamond and the two thick lines
represent the contact electrodes.
The “prompt” current method4 was used to measure
the electric field configuration inside the diamond. Im-
mediately after a laser pulse, electrons and holes that
were generated in the voxel of the focal point start drift-
ing in the electric field of the diamond. This initial drift
is proportional to the average electric field in the immedi-
ate surroundings of the injection voxel. Drifting charges
in the diamond cause a current that is measured at the
amplifier output. While the drift of the carriers from the
injection voxel to the electrodes is characterized by pulse
shapes equivalent to the ones shown in figure 2, the infor-
mation about the drift in the first few hundred picosec-
onds is contained in the rising edge of the current pulses.
We measure this initial drift by computing a 200-ps in-
tegral around the center of the rising edge. The integral
helps to minimize the uncertainty (e.g. from trigger jit-
ter) in comparison to a single value measurement at the
center of the rising edge. The outcome of the integral is
called prompt current. The prompt current (Iprompt) is
a measure that only depends on the weighting field ~Ew
and the mobilities of electrons and holes near the injec-
tion point. This can be shown by using Shockley-Ramo’s
formula for the instantaneous current13 multiplied by the
amplifier gain A,
Ipromt(y, t ≈ 0) = Aq(~ve + ~vh) ~Ew (2)
then substituting the definition for mobility ~ve + ~vh =
[µe(E) + µh(E)] · ~E(y) and combining all terms not de-
pending on the electric field E in a constant c we obtain:
Ipromt(y, t ≈ 0) = c[µe(E) + µh(E)] · E(y) (3)
The strength of this approach is the ability to disen-
tangle the measurement of the electric field from trap-
ping effects that occur during the drift of the charges.
Current pulses in figure 2 have an average 20-80% rise
time of 350 ps, which at the given field corresponds to an
average drift distance of 32µm. The carrier mean free
path in electronic grade scCVD diamond is much larger
at such electric fields, usually it exceeds the sample thick-
ness. Therefore the trapping during the initial drift can
be neglected in this sample. In materials where trap-
ping effects are not negligible compared to the amount
of generated charge, equation 3 has to be corrected for
immediate charge trapping during the initial drift. Fig-
ure 4 shows two xy-prompt current maps at two different
z-positions in the diamond.
FIG. 4. Prompt current xy-maps for z = 1500 µm and z =
1000µm at bias voltage of -500V. The red box in the z =
1500µm plot is the fiducial area for the comparison between
prompt current and X-ray topograph in figure 7.
The plots show strong variations of the prompt current
and thus the electric field, which in turn indicates a
strong, non-homogeneous variation of space charge in the
diamond bulk. In figure 5 the prompt current distribu-
tions in figure 4 are plotted as a function of y for several
selected x, z positions. For the profile at z = 1.5mm and
x = 2.5mm the density of space charge is high enough
to leave the region at small y without a sizable field.
FIG. 5. The prompt current profiles for a few selected x,
z positions as indicated in the legend. For comparison the
profiles were normalized to the same area.
4To see whether the variations in the prompt current
are caused by structural defects in the diamond, we com-
pared regions of the prompt current xy-scans to slices of
an X-ray diffraction topograph taken at the BM05 beam-
line of the ESRF in Grenoble14. The (400) Laue spot of
the diamond visualizes defects present in the bulk. Dark
regions in the topograph in figure 6 correspond to a high
defect density.
FIG. 6. White beam X-ray topograph of the diamond sample.
Areas of higher structural defect density appear darker. The
outline of the pad metallization is shown in blue. The z-
positions of the xy-scans shown in figure 4 are indicated in
red. The red bars indicate the FWHM-extension of the focal
point’s squared intensity profile.
In order to make a comparison between the X-ray to-
pograph and the xy-scan of the prompt current that is
not biased by the high field region around the electrode,
a fiducial area, shown as red box in figure 4, was se-
lected. The prompt current values were summed for each
x-column in the fiducial area, resulting in 1-dimensional
distribution in figure 7. The image histogram of the X-
ray topograph was obtained by summing the contrast val-
ues of the pixels enclosed by the red bar at z=1500µm
in figure 6. The summation was done along the z-axis for
every pixel column along the x-axis. To account for the
non-homogenous intensity distribution of the focal point
along the z-direction the pixels were weighted with the
squared intensity profile of the focal point prior to sum-
mation. Both distributions (shown in figure 7) were nor-
malized to their maximum values for comparison. The
electric field drop below 700µm and above 4000µm is
due to the edge effect. In addition to this, we observe a
large drop in the electric field between x ∼1500 and x ∼
2800µm. This drop coincides with a large dark region
at the same position in the x-ray topograph. The other
dark regions in the x-ray topograph do not cause sig-
nificant disturbance in the electric field, indicating that
those defects do not affect the electric field.
FIG. 7. Comparison of the x-projection of the red box in the
prompt current map of figure 4 (black) to the focal point’s
squared intensity profile weighted slice of the X-ray topo-
graph shown as a red bar at z=1500µm in figure 6. High
values in the red curve signifies a high transparency and thus
a low defect concentration in the X-ray topograph. The blue
lines represent the end of the electrode pad metallization and
the dashed black line the fiducial area cut. Data outside the
fiducial area cut is shown for completeness.
Our results complement the X-ray diffraction to-
pograpy. The X-ray diffraction topography indicates the
structural defects of the sample. Our method is sensitive
to variations of the electric field due to the space charge
formed by trapping on defects. It therefore indicates the
location and the polarity of the trapped charge. In ad-
dition, our method explores the defects in 3 dimensions
while the X-ray topograph in our case is 2-dimensional.
Figure 7 exhibits a correlation indicating a link between
structural defects and charge trapping centers. In our
future work we will perform a more systematic study of
the correlation between the structural defects and their
effect on charge trapping and space charge distribution.
In addition to correlation with X-ray topography, it will
be enlightening to explore correlations with other defect
imaging methods, such as the recently reported photo-
electrical readout of single defects15.
In summary, we demonstrated the application of the
TPA edge-TCT technique in a wide-bandgap semicon-
ductor. We presented 3-D resolved measurements of the
charge collection and the electric field in the diamond
sample. We have shown that a correlation between the
electric field in the diamond and the dislocations observed
in the X-ray topography image exists. In addition we
have demonstrated that the measurements of the charge
collection and the electric field can be achieved with an
excellent position resolution in all 3 dimensions. This was
previously difficult to achieve in wide-bandgap materials,
but is now accomplished through the use of two-photon
absorption.
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